Earlier studies on the respiratory systems in symbiotic nitrogen fixation (Wilson, 1938) indicated that the root nodule bacteria (Rhizobium spp.) reduce methylene blue anerobically in the presence of many organic compounds. With few exceptions, the efficiency of a given substrate as a hydrogen donator was approximately the same whether molecular oxygen or methylene blue was used as the hydrogen acceptor.
The bacterial suspensions required for the "resting" cell technique were prepared according to the method of Wilson (1938) .
Carbohydrate-free medium was used since with a supply of carbohydrate the bacteria produce large quantities of gum which serves as a reserve carbon supply and causes the suspension to have a high "endogenous" reducing capacity. Suspensions were standardized to reduce 1 ml. of 1:10,000 methylene blue (0.1 mgm.) in 15 to 20 minutes in the presence of glucose at pH 7.0 and 350C. Different suspensions of the same organism giving similar turbidity readings, showed approximately equal activity.
Measurement of methylene blue reduction The determination of dehydrogenase activity depends on the measurement of the rate of methylene blue reduction. Early methods resorted to visual approximations using known concentrations of methylene blue, but recently more accurate techniques have been devised which employ electric photometers (Ganapathy and Sastri, 1938; Jongbloed, 1938; Tam and Wilson, 1938) .
Since details of our method have not been published, these will be supplied. Special Thunberg tubes3 were constructed for use in the Evelyn photometer. These tubes, which are 21.5 cm. in length with an outside diameter of 19.5 mm., are capped with the regular Keilin sidearm carrying a standard taper (24/40) ground glass joint. These tubes should be: (1) uniform in curvature; (2) uniform in the composition of the glass; and (3) free from interfering surface scratches.
A filter in the region of 5400 A gave a straight line relationship between the quantity (2-log galvanometer reading)4 and the methylene blue concentration. Hence (2-log G) can be taken as a suitable measure of actual concentration of the dye. Preliminary tests showed that with most substrates the reduction was ' Made by Scientific Glass Apparatus Company, Bloomfield, New Jersy. 4 The number 2 (the log of 100) represents the reading at complete reduction. Hence, (2 -log G) or log 100 minus log galvanometer reading represents the logarithm of the amount of light absorbed by any given concentration of dye. If the logarithm of the amount of light absorbed bears a straight line relationship to the concentration of methylene blue, the absorption conforms to Beer's law. logarithmic with respect to time rather than linear as might be expected. That is, the reduction is a unimolecular reaction whose rate is proportional at all times to the concentration of methylene blue. It follows that if log (2-log G) is plotted against time, a straight line results whose slope can be used as a convenient measure of dehydrogenase activity. Details of the procedures used in the various investigations will be supplied under the appropriate headings.
A simple method which determines the actual quantity of methylene blue at any time during the course of an experiment is a valuable tool in the study of bacterial dehydrogenases, since it provides numerous advantages, among which the following may be mentioned:
(1) Kinetic studies of rates of reaction are of greater value than mere end-point determinations in an interpretation of the mechanism of reactions.
(2) Changes in the rates of reaction can be detected easily. (Bach, 1937; Johnson, 1937 (Quastel and Wheatley, 1931; : Yudkin, 1933) . With R. trifolii 209 in the presence of sodium succinate, the absence of free phosphates resulted in a 20 per cent reduction in velocity of decolonization of methylene blue; a similar reduction of 17 per cent was observed in glucose substrate.
Hydrogen-ion concentration In studies on the activity of dehydrogenases at different pH values, phosphate buffers were prepared as recommended by Clark (1925) . In experiments in which phosphates were eliminated, M/20 sodium borate was adjusted to the desired pH with M/20 potassium acid phthalate. The pH values were determined with-the glass electrode before and after reduction of methylene blue, and the mean of the two determinations was assumed to be the effective hydrogen-ion concentration. Results from-a typical experiment which illustrate the use of our method for estimating activity of dehydrogenases are shown in figure 1.
With strains of R. trifolii the pH optima for most substrates lie well in the alkaline range. For sodium succinate the optimum was about pH 8.2; the range of activity extended from pH 4.4 to pH 10.0. From pH 4.4 the rate of methylene blue reduction increased rapidly to a maximum at pH 8.2 where a drop occurred almost immediately which continued at a rate even more rapid than the rise.
As shown in figure 2 activity curves for glucose as a substrate indicate the existence of a narrow plateau at pH 7.0 to 7.4 followed by a sharp rise to a second optimum at pH 8.4. This effect was obtained whether the enzyme system was in contact with the buffer solution prior to introduction of methylene blue or whether the buffer solution was introduced simultaneously with the methylene blue. The "break" may possibly be attributed to the appearance of a secondary system in which an intermediate Temperature studys The temperature of a water bath was kept by manipulation of electric light bulbs and a stream of compressed air withiiva range of 4 0.250C. In each tube was placed 1 ml. of 1:10,000 methylene blue, 2 ml. M/50 substrate and 2 ml. of phosphate buffer of pH 7.0; in the sidearm was 1 ml. of the bacterial suspension. The tubes were incubated for 5 minutes before the contents of the sidearm were mixed with those of the tube. A tube could be removed from the water, dried, placed in the photometer, the reading made, and the tube returned to water bath in 10 seconds, thereby reducing temperature variations to a negligible degree.
The activity of all four strains of rhizobia within the temperature range of 150 to 500C. was followed. (Elvehjem, Wilson et al. 1939 Gould and Sizer (1938) . Substrate activation The set-up for determining activation of substrates was: 2 ml. phosphate buffer (pH 7.0), 1 ml. distilled water and 1 ml. bacterial suspension in the tube; 1 ml. methylene blue (1: 10,000) and 1 ml. M/25 substrate in the sidearm. Thirty.-seven substrates including representatives of the pentoses, hexoses, disaccharides, trisaccharides, organic acids, alcohols, and amino acids were tested on all four strains. Two types of reduction curves illustrated in figure 4 were observed. In one, the log reduction of methylene blue is uniform with time; in the other, acceleration occurs. Among the substrates which show the acceleration are: rhamnose, xylose, sorbitol, raffinose, glycerol, salicin, sodium lactate, and sodium maleate. In the presence of a light suspension of organisms glucose frequently gives a uniform initial rate for about 10 minutes, following which acceleration may be observed, especially under alkaline conditions. Certain exceptions to this classification are evident with different strains since minor variations among both strains and species occur. Among these the following specific instances may be mentioned. Lactose, sucrose, fumarate, and citrate would be classed "good to excellent" as substrates for dehydrogenation by both strains of R. leguminosarum but only "fair to poor" for the strains of R. trifolii. Strains of R. trifolii activated glucose slightly more readily than sodium succinate, but the reverse was true for R. leguminosarum. In addition, strain variation, which was independent of species, occurred in the activation of certain substrates. Fructose was readily activated by all strains used except R. trifolii 209. Sodium formate would be classed as "fair" with R. trifolii 202, "good" with R. trifolii 209, and "excellent" with both strains of R. leguminosarum. Dulcitol was readily dehydrogenated only by R. trifolii 202. Differences between species and strains with respect to substrate activation should not be strongly emphasized, however, since variations may even be found between suspensions of the same organism of different age and concentration. The values in table 2 in general agree satisfactorily with those observed by Wilson (1938) . In cases of discrepancy the new values are probably more reliable since the technique used is much more suitable for measuring dehydrogenations.
Inhibitors Inhibitors in respiration work reveal certain properties and modes of action of enzymes. Narcotics, generally accepted as specific inhibitors of dehydrogenases, are used for the identification of such systems. Various other inhibitors have been found effective on particular dehydrogenases. (Elvehjem, Wilson, et al., 1939.) In view of the large number of dehydrogenase systems present in a "resting" cell suspension, inhibitors are indispensable for separating and furnishing information on their behavior. Das (1937) found that fluoride inhibits lactic, but not malic dehydrogenase. Using Escherichia coli Quastel and Wooldridge (1927) report that fluoride is far more effective than the other halogen ions in attacking the glucose-activating mechanism. In contrast, Kocholaty and Hoogerheide (1938) showed that in the case of Clostridium sporogenes, sodium fluoride, even in concentrations as high as M/5, is without influence on the dehydrogenating mechanisms.
In the presence of several substrates fluoride strongly inhibited dehydrogenation by R. trifolii 209 only in the high concentration of M/12.5. With a concentration of M/100, inhibition was Burris and Wilson (1939) found that the inhibition of oxygen uptake by R. trifolii 209 on a glucose substrate reached 68.6 per cent at M/100, 63.7 per cent at M/200 and only 10.8 per cent at M/1000.
Action of sodium azide on the rate of methylene blue reduction in the presence of R. trifolii 209 and various substrates was measurable even at a dilution of M/10,000 ( fig. 5 ).
Sodium iodoacetate. Iodoacetic acid has been reported as a good inhibitor of lactic and malic dehydrogenases (Das, 1937) .
Results of the present study with iodoacetic acid on R. trifolii 209 showed it to be effective on at least 6 substrates.
Sodium pyrophosphate. Reports in the literature indicate that pyrophosphate is strongly inhibitory for succinic dehydrogenase but stimulatory for other systems (Greig and Munro, 1939) . As is shown in figure 5, Urethane. Of the narcotics, among which urethane probably has been investigated to the greatest extent, both ethylurethane and methylurethane completely inhibit the dehydrogenating mechanisms of R. trifolii 209 at 2 molar concentration of the inhibitors. In the presence of glucose and sodium succinate, methylurethane appears to possess a stronger inhibitory effect than ethylurethane. A M/300 solution of ethylurethane stimulated slightly reduction of methylene blue in the presence of glucose and sodium succinate. Sodium malonate. Quastel and Whetham (1925) early observed that, with "resting" cells of E. coli in the presence of succinate, sodium malonate retarded the reduction of methylene blue. Malonate supposedly competes for the same "active center" as succinic acid. Sodium malonate strongly inhibited dehydrogenations by R. trifolii 209 whether in the presence of sodium succinate, glucose, sodium lactate or sodium dl-malate. The fact that sodium malonate affects all the substrates alike suggests that either the same "centers" are involved in the activation of these substrates or that the "centers" overlap. Not only malonate, but also the other inhibitors studied with the possible exception of arsenite, showed no selective action with the different types of substrates used.
Alpha-methyl glucoside. In the presence of glucose or sodium succinate, a-methyl glucoside proved to be stimulatory. An increase of more than 100 per cent in the rate of methylene blue reduction was observed with a M/100 concentration of the glucoside.
SUMMARY
The dehydrogenating properties of four strains of the root nodule bacteria, namely, Rhizobium trifolii 202 (poor), Rhizobium trifolii 209 (good), Rhizobium leguminosarum 317 (good), and Rhizobium leguminosarum 333 (poor) were studied by a modified Thunberg method in which the Evelyn electric photometer and specially designed Thunberg -tubes were used to measure the kinetics of the reduction process.
Dehydrogenase activity of the root nodule bacteria occurs between pH 4.0 and 10.0 with optima in the alkaline range of pH 8.0 to 8.2. Substrates such as glucose and lactate possess two optima, suggesting the introduction of a secondary system with a higher pH optimum than the primary system. Simple compounds such as sodium formate have but a single optimum.
The optimum temperature for the activation of glucose by three of the strains investigated is about 450C. R. trifolii 209 has a lower optimum of about 400C. The energy of activation for mannitol and sorbose by R. trifolii 209 is about 8,500 calories. Maltose, glucose, pyruvate, malate, fructose and xylose are placed in a group having a value of from 10,000 to 12,500 calories while lactate possesses a high IA value of 14,500 calories.
All four strains of rhizobia activate a large number of diverse organic compounds. There is some strain variation on the different substrates, but it is not consistently associated with either effectiveness or infectiveness of organism.
Potassium cyanide and sodium pyrophosphate stimulate the action of the dehydrogenases studied. Sodium fluoride is inhibitory only at a high concentration of M/12.5. Sodium azide and sodium lodoacetate are powerful inhibitors, perceptible inhibition being observed at M/10,000 and M/50,000, respectively. Sodium arsenite inhibits at concentrations of M/5,000 and above, except with lactate as the substrate where stimulation occurs in a dilution of M/500 and M/5,000. In a concentration of 2 M both methyurethane and ethylurethane completely inhibit dehydrogenation of the six substrates investigated. Sodium malonate inhibits not only the succinic acid "center" but also that concerned in the activation of glucose, lactate and malate. Alpha-methyl glucoside appears to be a good substrate and is non-inhibitory in all the concentrations used.
